ABSTRACT This paper presents the comparative studies of two permanent magnet (PM) motors, which are modular-stator outer-rotor flux-switching permanent-magnet (MSOR-FSPM) motor and conventional outer-rotor flux-switching permanent-magnet (COR-FSPM) motor. The differences in structure and design principles between the two types are compared. Then, a 2D finite element method (FEM) is used to analyze the basic electromagnetic performances. The magnetic field distribution, no-load back-EMF, cogging torque, and electromagnetic torque are presented and compared. Furthermore, a comprehensive comparison of the motor performances which are important for electric vehicles is investigated. The theoretical analysis and FEM results predict that the MSOR-FSPM motor has superior capability compared to that of the COR-FSPM motor, including fault tolerance capability, and field weakening capability.
I. INTRODUCTION
Electric vehicles (EVs) have attracted more and more attentions with the increased calling for environmental protection and energy conservation. Motors selected for EVs industry are expected to have high torque density, high power density and wide constant power speed range [1] . It creates an urgent demand for novel motors. With the advent of highperformance permanent-magnet (PM) material as well as the development of power electronics technology, novel topologies of stator PM brushless motors whose PMs are located on stator have been investigated in recent years. Especially, flux-switching permanent-magnet (FSPM) motor has been frequently researched for its high torque density and power density [2] , [3] . The flux-linkage of FSPM motor is bipolar and the back-EMF can be designed to be sinusoidal. Compared with general PM motors, the FSPM motor has high field weakening capability, since the magnetic field excited by PMs is in parallel with that excited by armature currents [4] . In addition, the operating point of FSPM motor is more stable, and the fault tolerance capability is good [5] - [7] . Therefore, FSPM motors used for EVs attract more and more researches all over the world.
Besides, FSPM motor is also widely used in other fields. Axial FSPM motor that combines the characteristics of the conventional axial PM motor and FSPM motor, has short axial length and high power density, it has good prospects in the field of wind power generation [8] . Multi-phase FSPM motor has obvious advantages in low speed and high torque applications, such as reducing the rated torque of each phase, improving fault tolerance capability and control strategy flexibility, it is greatly introduced in high power and high reliability applications, such as aerospace and ship propulsion [9] .
Outer-rotor FSPM motor, which combines the advantages of FSPM motor and outer-rotor motor, is generating more and more interest. Because it can be used as in-wheel motor in EVs industry to provide extra passenger space and independent direct control [10] . Moreover, it is convenient and low cost to maintain tires due to the simple rotor structure. The structure of an outer-rotor FSPM motor is first proposed in [11] . Many studies have been made to improve its performances, including efficiency, field weakening capability, torque capability, and hybrid excitation [12] - [15] . However, the PM amount is too much and the coupling between three phases is obvious in these topologies proposed in references [11] - [15] . Therefore, a modular-stator outerrotor flux-switching permanent-magnet (MSOR-FSPM) motor is proposed [16] , whose PM amount is reduced by half, and the armature windings that belong to the same phase be concentrated in one stator module and non-magnetic blocks are purposely placed between the adjacent modules. Compared with conventional outer-rotor flux-switching permanent-magnet (COR-FSPM) motor, this kind of motor has good fault tolerant capability because modular stator structure reduces the interaction between the three phases, and the modular stator can be easily replaced.
In order to reasonably evaluate MSOR-FSPM motor, the different performances of MSOR-FSPM motor and COR-FSPM motor are compared in this paper. Firstly, the structure and design parameters of the two kind of motors are compared. Then the basic electromagnetic performances including magnetic field distribution, no-load back-EMF, cogging torque and electromagnetic torque are presented and compared by using the 2D finite element method (FEM). Next, considering the key performances of EVs, a comprehensive comparison on fault tolerance capability, field weakening capability, loss and efficiency is investigated. Finally, the performances of MSOR-FSPM motor are validated by experimental tests on the prototype motor.
II. STRUCTURE AND PARAMETERS OF THE 10POLE/12SLOT MSOR-FSPM MOTOR AND COR-FSPM MOTOR A. STRUCTURE OF THE MSOR-FSPM MOTOR AND COR-FSPM MOTOR
The cross-sectional views of MSOR-FSPM motor and COR-FSPM motor are shown in Fig.1 . Both of them are 10-pole/12-slot motors. The rotor of both motors consists of a simple laminated iron core with salient teeth. It can be seen from the cross-sectional view of MSOR-FSPM motor that the stator consists of three modules M A , M B , and M C , which respectively represent the phase-A, phase-B and phase-C in the counter-clockwise direction. Non-magnetic material blocks are used between the adjacent modules. Each module consists of two ''V''-shaped laminated segments, one ''W''-shaped laminated segment, and two circumferential magnetized PMs with opposite polarity. The ''W''-shaped laminated segment is located in the middle of the module, ''V''-shaped laminated segments are located at the both ends of the module, and the PMs are sandwiched between the ''W''-shaped and ''V''-shaped laminated segments. The stator salient teeth wound with single-layer concentrated armature windings consist of ''W''-shaped and ''V''-shaped laminated segments. The stator of COR-FSPM motor consists of ''V''-shaped laminated segments and circumferential magnetized PMs with opposite polarity. Its stator salient teeth wound with double-layer concentrated armature windings consist of ''V''-shaped laminated segments.
B. DESIGN PARAMETERS OF THE MSOR-FSPM MOTOR AND COR-FSPM MOTOR
The back-EMF period of the FSPM motor is one rotor pole pitch. Rotor pole pitch τ p expressed as mechanical angle meets τ p = 360 • /N r , N r is the number of rotor poles. In order to obtain good torque performance and balanced three-phase back-EMF, the main parameters of MSOR-FSPM motor should meet the following equations [17] :
where the value of k and l is 0 or 1, i, j, and h are all nonnegative integer, τ c is the mechanical angle between the two adjacent slot conductors that belong to the same coil, τ m is the mechanical angle between two adjacent PMs in each module, τ d is the mechanical angle between two adjacent modules. Equation (1) and equation (2) can make the winding factor close to 1. Equation (3) can make the phase difference of back-EMF between different windings be 120 • (electrical angle).
The design of other dimensions in MSOR-FSPM motor can reference COR-FSPM motor [11] - [14] . In order to fairly compare the performances, the main parameters and current density of both motors are the same. The design dimensions of MSOR-FSPM motor and COR-FSPM motor are illustrated in Fig.1 and listed in Table 1 . The performances at no-load is not effected by the windings. However, when the motors operate at load, the winding parameter is important. In table 1, MSOR-FSPM-1 motor has the same number of turns per phase with COR-FSPM motor. Actually, the slot area per phase of the MSOR-FSPM motor is enlarged because of the reduction of PMs, and its stator slot fill factor is smaller than that of the COR-FSPM motor. Thus, parameters of MSOR-FSPM-2 motor, which has the same stator slot fill factor with COR-FSPM motor, is also given.
III. BASIC ELECTROMAGNETIC PERFORMANCES OF MSOR-FSPM MOTOR AND COR-FSPM MOTOR A. MAGNETIC FIELD DISTRIBUTION
The no-load magnetic field distributions of MSOR-FSPM motor and COR-FSPM motor are shown in Fig.2 (a) . For both motors, the magnetic lines are more intensive and the magnetic density is larger when the stator teeth are closer to the air gap. However, in COR-FSPM motor, the magnetic density in stator yoke is smaller than that in stator teeth, while, in MSOR-FSPM motor, the magnetic density of certain stator yoke is quite close to that of the stator teeth. In addition, the magnetic density of rotor yoke in MSOR-FSPM motor is generally higher than that of COR-FSPM motor.
The radial air-gap magnetic flux density in MSOR-FSPM motor and COR-FSPM motor are shown in Fig.2 (b) . In MSOR-FSPM motor, the air-gap magnetic flux density is larger than that of general PM motors due to the assembled magnetic effect, which is similar to COR-FSPM motor. The amplitude of radial magnetic density in air gap can be as high as 2T, which indicates the torque capacity of MSOR-FSPM motor is larger than that of general PM motors [18] . 
B. NO-LOAD BACK-EMF
The no-load back-EMF waveforms of the two motors are shown in Fig.3 (a) and the harmonic analysis results of them are shown in Fig.3 (b) . It can be seen that the distortion VOLUME 7, 2019 of waveforms is serious. In addition to the fundamental wave, the no-load back-EMF of MSOR-FSPM motor mainly contains the 2 nd , 3 rd , 4 th , 6 th , and 8 th harmonics. But for the COR-FSPM motor, besides the fundamental wave, the no-load back-EMF mainly contains the 5 th and 7 th harmonics. Total harmonic distortions (THD) of no-load back-EMF in MSOR-FSPM motor and COR-FSPM motor are 19.57% and 14.46%, respectively. Besides the cogging torque, when sinusoidal current is fed into windings, the distortion of no-load back-EMF can also lead to torque harmonics, which will affect the stability of the motor.
C. COGGING TORQUE
In the general FSPM motor, the electrical period of cogging torque meets the following equations [19] :
where N s is the number of stator slots, HCF{} is the greatest common divisor of N r and N s , N p is a coefficient depended on the number of slots and poles.
For the COR-FSPM motor with N r = 10, N s = 12, the electrical period of cogging torque is 60 • . The cogging torque waveforms of both motors are shown in Fig.4 (a) . The 2D FEM results show that the electrical period of cogging torque in COR-FSPM motor is completely consistent with the theoretical analysis. However, the electrical period of cogging torque in MSOR-FSPM motor no longer meets the above equations, and it is two times that of COR-FSPM motor. This is the result of the vector synthesis of the cogging torque harmonics among three stator modules. The harmonic analysis results of cogging torque for each module are listed in Table 2 . It can be seen that for the 1 st , 2 nd , 4 th , 5 th , 8 th harmonics, amplitude of the same harmonic is approximately equal to each other and the phase difference of the same harmonic between the two adjacent modules is approximately equal to 120 • (electrical angle). Furthermore, the synthetic vector of the 7 th harmonic in module B and module C is approximately equal to the amplitude of the 7 th harmonic in module A and the phase difference is approximately equal to 180 • (electrical angle). Therefore the amplitude of the 1 st , 2 nd , 4 th , 5 th , 7 th and 8 th harmonics in stator is small. For the 3 rd , 6 th and 9 th harmonics, amplitude and the phase difference of the same harmonic between the two adjacent modules are approximately equal to each other. Therefore the amplitude of the 3 rd , 6 th and 9 th harmonics in stator is large. The harmonic analysis results of cogging torque in both motors are shown in Fig.4 (b) . MSOR-FSPM motor mainly contains the 3 rd , 6 th , 9 th , and 12 th harmonics, especially the 3 rd harmonic. COR-FSPM motor mainly contains the 6 th and 12 th harmonics.
D. ELECTROMAGNETIC TORQUE
When the motors operate at load, the winding parameter effects the motor performance. Thus, MSOR-FSPM-1 motor, MSOR-FSPM-2 motor and COR-FSPM motor are compared at following research.
Motors adopt I d = 0 vector control, sinusoidal current whose amplitude is 15.4A is fed into windings, and the electromagnetic torque waveforms are shown in Fig.5 .
The average torque of MSOR-FSPM-1 motor and COR-FSPM motor is 20.97Nm and 27.61Nm, respectively. Although the PM volume of MSOR-FSPM-1 motor is 54.04% of that in COR-FSPM motor, its average torque is 75.95% of that in COR-FSPM motor. The utilization of PM in MSOR-FSPM-1 motor is higher than that of COR-FSPM motor. However, this comparison is based on the same number of turns per phase. When the stator slot fill factor of MSOR-FSPM motor is the same with COR-FSPM motor, the average electromagnetic torque in MSOR-FSPM-2 motor is 23.98Nm, and the utilization of PM is further improved, with about half PMs but providing 86.53% average torque compared to the COR-FSPM motor.
IV. MAIN PERFORMANCES USED FOR EVS A. FAULT TOLERANCE CAPABILITY
Fault tolerance capability is an important feature for the motor used for EVs. It needs the remaining two-phase windings can continue to work when malfunction occurs in one phase, which requires the motor has a low mutual-inductance. Thus, the fault tolerance capability of the two motors are evaluated by inductances. In order to reduce short-circuit current of the motor, it is necessary to increase the self-inductance of each phase as much as possible [20] , [11] .
Taking phase A as an example, DC current is fed into this windings, the current of other two phases is equal to zero, self-inductance and mutual-inductance can be obtained by the following equations:
where a is the total flux linkage of phase A; L aa is the selfinductance of phase A, L ab is the mutual-inductance of phase A and phase B, L ac is the mutual-inductance of phase A and phase C;i a is the current of phase A; m_a , m_b and m_c are the PM flux linkage of phase A, phase B and phase C, respectively; a is the permeability of magnetic circuit in phase A. Obviously, the self-inductance is not only related to the number of coil turns, but also to the permeability of magnetic circuit. The permeability of magnetic circuit is affected by the saturation caused by the PMs and armature current. The variation of self-inductance with increasing current is shown in Fig.6 . Self-inductances of MSOR-FSPM-1 motor and MSOR-FSPM-2 motor have similar change trend. When the armature current is less than 40A, the self-inductance changes little. When the armature current is larger than 40A, the magnetic circuit reaches supersaturated state and self-inductance is reduced. The self-inductance trend of COR-FSPM motor is similar to that of MSOR-FSPM motor, but the armature current that makes magnetic circuit reach supersaturated state is 80A. It can be found that MSOR-FSPM motor is more likely to reach the supersaturated state, and self-inductance is reduced sharply with the increasing armature current after motor reaching the supersaturated state.
The self-inductances and mutual-inductances of the MSOR-FSPM-1 motor, MSOR-FSPM-2 motor and the COR-FSPM motor are obtained by FEM and shown in Table 3 . As is seen from Table 3 , the average self-inductance value is equal to two times that of mutual-inductance in COR-FSPM motor. The verage value of self-inductance is far more than two times that of mutual-inductance in MSOR-FSPM-1 motor. In addition, self-inductance of MSOR-FSPM-1 motor is larger than two times that of COR-FSPM motor, and mutual-inductance is smaller than half that of COR-FSPM motor. However, the comparison between MSOR-FSPM-1 motor and COR-FSPM motor is based on the same number of turns per phase. When the stator slot fill factor of MSOR-FSPM-2 motor is the same with COR-FSPM motor, the self-inductance of MSOR-FSPM motor is further enlarged to 6.36mH and the mutualinductance is still smaller than that of COR-FSPM motor. Therefore, the fault tolerance capability of outer-rotor FSPM motor is improved after stator is modularized.
B. FIELD WEAKENING CAPABILITY
Motor runs in the constant torque region before reaching the rated speed. With the speed increasing, the back-EMF increases. When back-EMF is higher than the voltage provided by the DC bus, the inverter cannot provide energy to the motor. In order to make the motor run at higher speed, it can adjust the phase angle of armature current and increase VOLUME 7, 2019 the d-axis demagnetization current to keep the voltage balanced. When the d-axis current research the limit current, the armature current fully produces demagnetization flux and the motor reaches the maximum speed, which satisfies the following equation [11] :
where U max is the maximum voltage provided by the DC bus; m is the flux linkage produced by PMs; L d is the inductance of d-axis; I max is the peak value of the rated phase current.
In order to quantify the field weakening capability, flux weakening coefficient K fw and speed extension ratio β can be calculated as follows, respectively [11] :
When K fw is less than 1, the flux linkage produced by PMs cannot be fully weakened by demagnetization flux produced by d-axis current, the motor can only work in the limited speed range; when K fw is greater than 1, the flux linkage produced by PMs can be fully weakened by demagnetization flux produced by d-axis current, theoretical speed range can reach infinity.
The electromagnetic torque in the field weakening mode is [12] :
where ϕ is the phase angle between current vector and rotor q-axis; L q is the inductance of q-axis. When the maximum demagnetization current is fed into windings, the field weakening capability of MSOR-FSPM motor and COR-FSPM motor are shown in Table 4 . It can be found that the flux linkage produced by PMs of MSOR-FSPM-1 is 79.62% of that in COR-FSPM motor when the number of turns per phase is the same, and the flux linkage produced by PMs of MSOR-FSPM-2 is 92.13% of that in COR-FSPM motor when the stator slot fill factor is the same. Moreover, L d is less than L q in MSOR-FSPM motor and COR-FSPM motor, reluctance torque is conducive to increase the electromagnetic torque during field weakening operation.
It is worth noting that the flux weakening coefficient K fw of MSOR-FSPM motor is much larger than that of COR-FSPM motor. The speed extension ratio β of MSOR-FSPM motor is 2.76 times that of COR-FSPM motor when the number of turns per phase in motors is the same, and it is enlarged to 4.58 times that of COR-FSPM motor when the stator slot fill factor of motors is the same. Therefore, the field weakening capability of MSOR-FSPM motor is better than that of COR-FSPM motor. 
C. LOSS AND EFFICIENCY 1) RATED OPERATING STATE
At the rated current and rated speed operating condition, the copper losses of windings in MSOR-FSPM-1 motor, MSOR-FSPM-2 motor and COR-FSPM motor are 115.93W, 134.15W and 112.41W, respectively. The PMs eddy current loss and iron core loss in three motors are shown in Fig.7 . The period of PMs eddy current loss and iron core loss in MSOR-FSPM motor is two times that of COR-FSPM motor, because the PMs circumferential distance and the magnetic density period of MSOR-FSPM motor are about two times that of COR-FSPM motor. The PMs eddy current losses of MSOR-FSPM-1 motor, MSOR-FSPM-2 motor, and COR-FSPM motor are 9.96W, 9.68W and 6.38W, respectively.
The iron core losses of MSOR-FSPM-1 motor, MSOR-FSPM-2 motor and COR-FSPM motor are 12.71W, 13.17W, and 15.35W, respectively. If the wind friction loss and other loss are ignored, the efficiency of MSOR-FSPM-1 motor, MSOR-FSPM-2 motor and COR-FSPM motor is 92.68%, 92.71%, and 94.52%, respectively. The efficiency of MSOR-FSPM motor is slightly smaller than that of COR-FSPM motor, but it is still the high efficiency PM motor compared with other type motors. 
2) DIFFERENT CURRENT
The speed of motor is kept the rated value and the amplitude of phase current is changed. The variation of total loss, including eddy current loss of PMs, iron core loss and copper loss, is shown in Fig.8 (a) . When the number of turns per phase is the same, the total losses of MSOR-FSPM motor and COR-FSPM motor are almost equal to each other, and are sharply enlarged with increasing current. When the stator slot fill factor is the same and phase current is smaller than 10A, the total losses of MSOR-FSPM motor and COR-FSPM motor are also almost equal to each other. When the stator slot fill factor is the same and phase current is larger than 10A, the total loss of MSOR-FSPM motor is larger than that of COR-FSPM motor, because with increasing current, the variation of copper loss in MSOR-FSPM motor is much larger than that of COR-FSPM.
The variation of efficiency in three motors is shown in Fig.8 (b) . The copper loss is unremarkable when the current is small, the electromagnetic power is enlarged with the increasing current and the efficiency increases at first. With current continuous increasing, the copper loss is increased significantly, the efficiency then decreases. It can be found that the efficiency of MSOR-FSPM motor is lower than that of COR-FSPM motor. 
3) DIFFERENT SPEED
When the current of motor is kept the rated value, variation of total loss with increasing mechanical speed is shown in Fig.9 (a) . The total loss of MSOR-FSPM-2 motor is larger than that of the other two motors, due to the larger copper loss. When the speed is smaller than 900rpm, the total loss of MOR-FSPM-1 motor and COR-FSPM motor is equal to each other. When the speed is larger than 900rpm, the total loss of MOR-FSPM-1 motor is bigger than that of COR-FSPM motor, and the difference between them becomes larger and larger with the increasing mechanical speed. The variation of VOLUME 7, 2019 efficiency in three motors is shown in Fig.9 (b) . Efficiency of MSOR-FSPM motor is smaller than that of COR-FSPM motor. The efficiency of three motors is firstly increased and then decreased with increasing mechanical speed, reaching the maximum value at the rated speed.
In general, no matter what operating state is, the total loss of MSOR-FSPM motor is larger than that of COR-FSPM motor and the efficiency of MSOR-FSPM motor is slightly smaller than that of COR-FSPM motor.
V. CONCLUSION
In this paper, the performances of MSOR-FSPM motor and COR-FSPM motor are compared. The electrical period of cogging torque in MSOR-FSPM motor no longer meets the conventional formula. The utilization of PM in MSOR-FSPM motor is higher than that of COR-FSPM motor, which is verified by the results of FEM. The self-inductance is enlarged and mutual-inductance is reduced when the modular stator structure is adopted, which improves the fault tolerance capability of MSOR-FSPM motor. Moreover, the field weakening capability of MSOR-FSPM motor is better than that of COR-FSPM motor. In addition, the loss of MSOR-FSPM motor is slightly larger than that of COR-FSPM motor and the efficiency of MSOR-FSPM motor is slightly smaller than that of COR-FSPM motor, but it still belongs to the high efficiency PM motor. In general, MSOR-FSPM motor has superior capability to that of COR-FSPM motor when it is used in EVs. 
